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Abstract 
A non-destructive measurement technique is presented which yields cell parameters of individual solar cells of a photovoltaic 
module. Our method is based on the quantitative analysis of voltage dependent electroluminescence images together with the 
current-voltage-characteristic of the complete module. As a result, we obtain the ideality factors n1,2 and loss current densities 
J01,02 of individual cells connected in series. The applicability of our approach is demonstrated on numerical and experimental 
data. 
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1. Introduction 
The most direct electrical characterization of a PV module is based on the measurement of its current-voltage 
characteristic (I-V-curve). It gives access to the power of the module. Additionally, based on a model such as the 
two-diode model, individual physical module parameters can be extracted. None of the results that can be deduced 
from a module I-V-curve yields any direct information on individual cells of the module. However, this information 
is of particular importance if the modules show a power loss caused by defects or degradation of individual cells. 
Therefore, characterization methods which yield this additional quantitative cell information are essential. 
Most frequently used spatially resolved methods are electroluminescence (EL) imaging [1] or lock-in-
thermography (LIT) [2]. There is a rather good understanding on how these images can be quantitatively interpreted 
in terms of individual cell parameters if single cells are considered. [2] It is possible to extract spatially resolved 
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maps of the diffusion length, series and shunt resistance, local junction voltage, and ideality factors of a single cell. 
For modules with many cells connected in series there are first approaches yielding estimates of the local cell 
voltages. [3] 
Our work extends previous results by investigating the relationship between individual cell parameters of solar 
cells connected in series on the one side and the voltage dependent EL intensity and the I-V-curve of the complete 
module on the other side. Our method is a non-destructive technique and does not rely on any type of I-V-curve 
measurement of individual cells. As a result, the approach yields a quantitative estimate of the parameters n1,2 and 
J01,02 of all cells within a module. 
2. Theoretical background and numerical simulation 
In the first step we analyze how a change in a certain parameter of a single cell, such as n1,2 or J01,02, is reflected in 
the module I-V-curve and the EL-signals of all the cells connected in series. For a better understanding of the 
method, we will first restrict the discussion to two cells connected in series. We will then argue how these methods 
can be applied to a multi-cell module. In the second step, we investigate the inverse approach: Starting with the I-V-
curve of the entire PV-module and its voltage dependent EL-images we analyze to what extend the individual cell 
parameters can be extracted. 
2.1. Influence of cell parameters on module I-V-curve 
All solar cells connected in series in a multi-cell system are described by the two-diode model with individual 
cell parameters. Clearly, if all cells are identical the module I-V-curve could also be described perfectly by a single 
two-diode model where only the voltage values would have to be adjusted according to the total cell number. 
Therefore, if all cells are not identical but similar to each other we can also assume a two-diode model for the 
module I-V-curve. However, the two-diode model parameters of the module model need to be derived from the 
entire set of cell parameters. These effective module parameters can be determined as follows: The effective module 
ideality factors n1,2,mod are the sum of all individual cell values. This reflects the higher voltages that occur in the 
exponent of the two-diode model in case of a module. The effective module current densities J01,02,mod are the 
geometric mean weighted with the ideality factors. The series resistances R(c)s and shunt resistances R(c)p of the 
individual cells are summed up. All these relation are given by 
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where c labels the cell parameters and mod labels the effective module parameters. 
To verify this proposed approach of effective module parameters a series connection of two solar cells with 
different individual parameters is simulated. Fig. 1 shows an excellent agreement of a module I-V-curve to the 
model with effective module parameters. Typically, it is found that the approach of a two-diode model with 
effective parameters applied to many cells in series agrees rather well with the exact module curve if the spread in 
cell parameters is not too large. 
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Fig. 1. Comparison of a measured module I-V-curve with a module I-V-curve based on the model of effective module parameters. 
2.2. Influence of cell parameters on EL-signal 
In our mathematical model, the EL intensity follows Ȱ ൌ  ൉ ሾഥȀ୲୦ሿ with C being a proportionality factor 
and Uth the thermal voltage kT/e. The proportionality factor C is assumed as injection independent and equal for all 
cells. Typically, it is for example related to the properties of the EL camera. For further details, we refer to reference 
[1]. Starting point of our analysis is the relation between EL intensity Ȱ nd cell current [1] together with the two-
diode model applied to each cell in a multi-cell system [4]. In particular, we analyze the ratio of the EL-signal of any 
pair of cells in a module as a function of the applied module current. It turns out that a variation in any of the 
parameters Rp, n1,2 and J01,02 leads to a characteristic  dependence of EL-intensity ratio Ȱk/Ȱl on module voltage 
Umod resp. module current Imod, see Fig. 2 for two examples. Since the EL signal depends exponentially on the 
voltage a reasonable signal to noise ratios can only be achieved for not too small voltages, i.e. cell voltages larger 
than 0.3V .. 0.4V. Hence, the influence of the shunt resistance Rp cannot be determined in this type of experimental 
setups as it is most influential for small voltages.   
 
 
Fig. 2. Influence of J01 (a) and n1 (b) variation on the EL-intensity ratio between two cells. The individual cell parameters are modified such that 
the effective parameters J01,mod resp. n1,mod which determine the module I-V-curve remain constant leaving the module I-V-curve unchanged. 
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2.3. Extracting cell parameters from EL intensity ratios 
In a second step, we proceed with the inverse approach as it would occur when a PV-module is to be analyzed. 
For simplification, we first assume a one-diode model for high voltages resp. currents, described by the parameters 
n1 and J01. For a given set of voltage resp. current dependent EL intensities of all cells of a module we extract the 
relation between individual cell parameters by fitting the logarithmic ratio of the EL-intensities Ȱk/Ȱl as a function 
of the logarithmic implied module current Imod, see equation (1).  
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The slope of this linear function is given by the difference of the ideality factor n1 while the offset contains the 
information on the proportionality factor C and the loss current I01 of the individual cells. The loss current density 
J01 is determined by dividing I01 by the solar cell area A. The n1 and J01 of N series connected individual cells in a 
module can be obtained by the following scheme. Given are N information for each cell k:  ൌ σ୪ and ȟ୩୪ ൌ
୩ െ ୪. Then the result for the individual contributions is ୩ ൌ ሺ ൅ σȟ୩୪ሻȀ. The scheme can be applied to all 
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Based on the set of all ideality factors {n1,k} and the offsets obtained by the linear function of equation (1) the 
loss current I01 of all individual cells can be determined by equation (3). 
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3. Experimental results 
In our experiments, we have first analyzed a module which contains four different cells. We use it as a test 
sample which allows for any connection scheme between the four cells, see Fig. 3 (a). In order to verify the results 
of our approach, each of the cells can also be measured individually. However, our analysis is based on the I-V-
curve of the complete module only together with the voltage dependent EL-intensities with cell voltages being 
approximately between 0.3V – 0.65V. The I-V-curves of the individual cells and the entire module are measured by 
a power supply Keithley 2601A. For the EL-measurements a power supply Agilent 6642A is used. In our 
measurement setup a CCD camera Andor iKon-M PV Inspector detects the voltage dependent EL-signals. 
The extension of this approach to any number of cells is achieved by analyzing the ratio of EL-intensities Ȱk/Ȱl 
for each pair {k,l} of cells in the module. First, the measured EL-intensity ratio as a function of Imod is analyzed by 
fitting the model and thus extracting the individual cell parameters n1 and J01 for a setup that contains three cells 
connected in series. Second, we assume an equal ideality factor n2 for each cell and fit the individual cell parameter 
J02. Hence, we minimize with a numerical simulation the sum of least square between the experimental data and the 
mathematical model fit. Furthermore, in a third step the sum of least square is minimized by fitting the individual 
cell parameter n2. The experimental data and the fitted mathematical model are shown in Fig 3 (b). The extracted 
cell parameters based on our EL-approach are compared to the cell parameters measured directly on the individual 
cells. In Table 1, the data on the right side represent the cell parameters obtained from our EL approach. They are 
based on the module I-V-curve together with an analysis of the voltage dependent EL images of the module. In 
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order to verify these results, we performed I-V-measurements on the individual cells in the module in a second step. 
The result is shown in Table1 (left side). 
 
 
 
Fig. 3. (a) Schematic four cell module with flexible connection scheme as test sample. The EL images of the applied cells shown in (a) are 
labeled as follows: MulitA (top right), MonoA (bottom left) and MonoB (bottom right). (b) Experimental ratio of EL-intensities of cell pairs 
compared with fitted mathematical model. The bars represent the relative errors of measurement caused by a low signal-to-noise ratio. 
 
Table 1. Experimental values and relative error of the individual cells determined using the EL-approach in comparison to the values measured 
directly. 
 individual I-V-curves module EL analysis  
 n1 J01 [A/cm2] n2 J02 [A/cm2] n1 J01 [A/cm2] n2 J02 [A/cm2] 
MultiA 1.22 5.28  10-11 2.88 2.97  10-07 1.22 5.80  10-11 2.72 2.26  10-07 
     (+0.2%) (+9.7%) (-5.7%) (-24.0%) 
MonoA 1.17 1.66  10-11 2.57 6.53  10-08 1.17 1.45  10-11 2.69 9.08  10-08 
     (-0.5%) (-12.8%) (+4.7%) (+39.2%) 
MonoB 1.13 7.50  10-12 2.66 1.07  10-07 1.15 1.06  10-11 2.70 1.14  10-07 
     (+1.7%) (+40.6%) (+1.9%) (+6.4%) 
   average error 0.8% 21.1% 4.1% 23.2% 
 
4. Discussion 
By fitting the logarithmic ratio of EL-intensities Ȱk/Ȱl as a function of the logarithmic implied module current 
Imod we obtained the parameters n1 and J01 in a rather good way. The quantitative estimate of the parameters n2 and 
J02 is limited by certain factors. First, a simplification assuming a second one-diode model described by n2 and J02 
for the lower voltage range is additionally influenced by the shunt resistance. Secondly, in the range of lower 
voltage the relative error of measurement is increased due to a low signal-to-noise ratio of the CCD camera. 
There is no comparable non-destructive measurement technique for a quantitative estimate of individual 
parameters of the cells in a PV module. Therefore, we evaluate the relative error of the individual cell parameters 
determined using the EL-approach in comparison to the assumption of equal parameters for all individual cells in a 
module. The result is shown in Table 2. It becomes clear from these results that our approach is capable of 
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differentiating between the individual cells of a module in a quantitative manner. This developed approach is 
applicable to PV modules with any number of solar cells, i.e. 60 or 72 cells of a standard PV module. In this case, 
the mathematical model analyzes the ratio of all EL-intensities Ȱk/Ȱl for each pair {k,l} of cells in a module as a 
function of the module current Imod. 
 
Table 2. Relative error of the individual cell parameters determined using the EL-approach (left side) resp. assuming equal parameters for each 
individual cell in a module in comparison to the values measured directly, see right side. 
 module EL analysis assumption of equal individual cell parameters  
 n1 J01 [A/cm2] n2 J02 [A/cm2] n1 J01 [A/cm2] n2 J02 [A/cm2] 
MultiA (+0.2%) (+9.7%) (-5.7%) (-24.0%) (-3.1%) (-60.1%) (-6.2%) (-55.2%) 
MonoA (-0.5%) (-12.8%) (+4.7%) (+39.2%) (+0.6%) (+26.9%) (+5.4%) (+103.4%) 
MonoB (+1.7%) (+40.6%) (+1.9%) (+6.4%) (+4.2%) (+180.8%) (+1.8%) (+24.2%) 
average error 0.8% 21.1% 4.1% 23.2% 2.6% 89.3% 4.4% 61.0% 
 
5. Conclusion 
We have developed an approach that yields for the first time individual parameters of the cells in a PV module in 
a non-destructive manner. To this end, we analyze ratios of EL-intensities between pairs of cells together with the I-
V-curve of the complete module. In our approach, an I-V-measurement of the individual cells is not necessary. We 
find, that a rather good quantitative estimate of the cell parameters n1,2 and J01,02 can be obtained in this way. Hence, 
this method can yield detailed information on the electrical performance of individual cells in a module simplifying 
the root cause analysis of power degradations significantly without disassembling the module. 
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